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TO ALL WHOM IT MAY CONCERN: 

Be it known that we, Scott A. Leman, a citizen of the USA, 
residing at R. R. 3, Box 3, Eureka and State of Illinois 61 530, and David Andrew 
Pierpont, a citizen of the USA, residing at 2203 West Warwick Drive, Peoria and 
State of Illinois 61614, have invented a new and useful Engine Valve Actuator 
Providing Miller Cycle Benefits, of which the following is a specification. 
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Description 

ENGINE VALVE ACTUATOR PROVIDING MILLER CYCLE BENEFITS 
Technical Field 

This disclosure relates generally to engines and, more particularly, 
to engine valve actuators. 

Background 

Four stroke, diesel cycle internal combustion engines are well 
known. One of ordinary skill in the art will readily recognize that such engines 

operate through four distinct strokes of a piston reci procating within a cylinder. 

In an intake stroke, the piston descends within the cylinder while an intake valve 
is open. Air is thereby able to enter the cylinder through the open intake valve. 
In a subsequent compression stroke, the piston reverses direction while the intake 
valve and an exhaust valve are closed, thereby compressing the air. This is 
followed by a combustion or power stroke wherein the fuel is directly injected 
into the compressed air and thereby ignited, with the resulting force pushing the 
piston again in the descending direction while both valves are closed. Finally, the 
piston reverses direction with the exhaust valve open, thereby pushing the 
combustion gases out of the cylinder. 

One known disadvantage of such engine operation is that 
significant combustion gas energy is lost during the exhaust blowdown stage. 
The Miller cycle modifies a traditional Otto or Diesel cycle to, among other 
things, lower the effective compression ratio, which then increases the ratio of 
expansion to compression work by the piston and thereby improves mechanical 
efficiency. For the purpose of discussion, compression ratio is defined herein as 
a ratio of the engine cylinder capacity when a piston therein is at a bottom dead 



center position, to the engine cylinder capacity when the piston is at a top dead 
center position. 

The effective compression ratio of an engine can be lowered in at 
least two ways. One reduces the effective length of the engine compression 
stroke by opening the engine intake valve for the initial stages of the compression 
stroke. Since true compression cannot start until the intake valve closes, the 
compression ratio is necessarily reduced. Another way to reduce the effective 
compression ratio is to close the intake valve early when still in the later stages of 
the intake stroke. 

While the reduction in effective engine compression ratio will 
allow for improved mechanical efficiency, it will also tend to reduce the total 
power output capacity of the engine. For example, if the engine intake valve 
were to be opened during the initial stages of the compression stroke, a certain 
volume of aiFwould"escapelhe engine cylinder and th^reby^norb'e~available"for~ 
combustion. The Miller cycle therefore may be enhanced by the use of a 
turbocharger. The turbocharger forces highly compressed air into the cylinder 
during the compression stroke to make up for such losses through the intake 
valve. In order to retain the power output capacity and air/fuel ratio of a 
previously turbocharged engine, the intake air must be compressed to even higher 
pressure levels when operating the Miller cycle. 

A result stemming from the introduction of such turbocharged air, 
however, is an increase in intake air temperature. Increased intake air 
temperature leads to reduced intake air density and increased pollutant production 
such as nitrous oxide (NO x ), and engine knock. The highly compressed air from 
the turbocharger is therefore often cooled prior to introduction to the cylinder, as 
by an intercooler or the like, in order to maximize air density. 

Another difficulty encountered with Miller cycle engine operation, 
is that the intake valve, or exhaust valve, must be opened and held open against 



significant forces, such as, for example, forces resulting from inertial and valve 
spring loads. 

The present disclosure is directed to overcoming one or more of 
the problems or disadvantages associated with the prior art. 

Summary 

In accordance with one aspect of the disclosure, an engine control 
system is provided which comprises an engine cylinder, an engine piston 
reciprocatingly disposed in the engine cylinder, a valve operatively associated 
with the engine cylinder, a mechanically driven actuator assembly adapted to 
open the valve, a fluidically driven actuator adapted to open the valve, at least 
one sensor associated with the engine and adapted to generate an operation signal 
representative of an engine operation, and a controller adapted to receive the 
operation signal and transmit a control signal to the fluidically driven actuator 
and opening the valve based on the operation signal. 

In accordance with another aspect of the disclosure, an engine 
valve actuator is provided which comprises an actuator cylinder having a fluid 
passage, an actuator piston reciprocatingly mounted in the actuator cylinder, and 
a control valve operatively associated with the actuator cylinder, the control valve 
having a housing. The housing includes a low pressure fluid inlet, a high 
pressure fluid inlet, and a fluid outlet. The control valve further includes a 
plunger reciprocatingly disposed in the control valve housing and having first and 
second ends. The plunger is adapted to move from a first position placing the 
low pressure fluid inlet in communication with the fluid outlet, to a second 
position placing the high pressure fluid inlet in communication with the fluid 
outlet. The fluid outlet is in communication with the actuator cylinder fluid 
passage. 

In accordance with another aspect of the disclosure, an engine is 
provided which comprises an engine cylinder, an engine piston reciprocatingly 



disposed in the engine cylinder, a valve reciprocatingly disposed in a port 
extending from the engine cylinder, a first source of pressurized fluid, a second 
source of pressurized fluid pressurized to a higher level than the first source, and 
a valve actuator adapted to be in fluid communication with the first and second 
sources of pressurized fluid. The first source takes up any lash associated with 
the engine, while the second source causes the valve actuator to open the valve. 

In accordance with another aspect of the disclosure, a method of 
controlling an engine is provided which comprises providing an engine having an 
engine cylinder, an engine piston reciprocatingly disposed in the engine cylinder, 
a valve port in fluid communication with the engine cylinder, a valve 
reciprocatingly disposed in the valve port, a fluidically driven valve actuator 
operatively associated with the valve, a mechanically, driven valve actuator 
operatively associated with the valve, a source of low pressure fluid, and a source 
of high pressure fluid, supplying one of the low and higlipressufe fluia~sources"to 
a fluidically driven actuator, opening the valve during the intake and exhaust 
strokes using a mechanically driven actuator, and opening the valve during the 
compression stroke using the fluidically driven actuator. 

Brief Description of the Drawings 

FIG. 1 is a diagrammatic representation of an engine with an 
engine block thereof shown in cross section; 

FIG. 2 is a cross-sectional view of the engine of FIG. 1, taken 
along line 2-2 of FIG. 1; 

FIG. 3 is a diagrammatic representation of an engine valve 
actuator depicted in a first position; 

FIG. 4 is a schematic representation of an engine valve actuator 
constructed in accordance with the teachings of the invention and depicted in a 
second position; 



FIG. 5 is a diagrammatic representation of an engine valve 
actuator depicted in a third position; 

FIG. 6 is a flow chart depicting a sample sequence of steps which 
may be performed to operate the engine and provide Miller cycle benefits using 
the exhaust valve; 

FIG. 7 is a graph plotting valve lift vs. engine crank angle for a 
typical diesel engine; 

FIG. 8 is a graph plotting valve lift vs. engine crank angle for a 
diesel engine providing Miller cycle benefits using the exhaust valve; 

FIG. 9 is a graph plotting valve lift vs. engine crank angle for a 
diesel engine providing Miller cycle benefits using the intake valve; 

FIG. 10 is a flowchart depicting a sample sequence of steps which 
may be performed to operate the engine and provide Miller cycle benefits using 
the intake valve; and 

FIG. 1 1 is a sectional view of a control valve. 

Detailed Description 

Referring now to the drawings, and with specific reference to FIG. 
1, an engine is generally referred to by reference numeral 20. While the engine 
20 is depicted and will be described in further detail herein with reference to a 
four stroke, internal combustion diesel engine, it is to be understood that the 
teachings of the invention can be employed in conjunction with other types of 
engines, such as, for example, Otto cycle, rotary or Wankel engines. 

The engine 20 may include a plurality of engine cylinders 22 in 
each of which is reciprocatingly mounted an engine piston 24. In the depicted 
embodiment, six such engine cylinders 22 and engine pistons 24 are depicted in 
aligned fashion, but it is to be understood that a greater or lesser number are 
possible, and that cylinder orientations other than in-line, such as "V", are 
possible as well. A connecting rod 26 may be connected to each engine piston 



24, and in turn be connected to a crank shaft 27 so as to capitalize on the motion 
of the cylinder piston 24 to produce useful work in a machine (not shown) with 
which the engine 20 is associated. Each engine cylinder 24 may be provided 
within an engine block 28 having a cylinder head. 30, and further include an 
intake valve 32, and an exhaust valve 34. 

Referring now to FIGS. 2-5, the cylinder head 30 and exhaust 
valve 34 are shown in greater detail for one of the cylinders 22. As shown 
therein, a pair of exhaust ports 38 may be provided in the cylinder head 30 to 
allow for fluid communication into and out of each engine cylinder 22. 
Similarly, it is to be understood that while each cylinder 22 in FIG. 1 is depicted 
with a single intake valve 32, each cylinder 22 is typically provided with a pair of 
intake valves 32 and intake ports 36. In normal engine operation, air enters the 
engine cylinder 22 through the intake port 36, while combustion or exhaust gases 
exit the engine cylinder 22 through the exhaust port 38. An i ntakeVal ve~element~ 
40 may be provided within the intake port 36, while an exhaust valve element 41 
may be provided within the exhaust port 38. Each intake port 36 is connected to 
an intake manifold 42, while each exhaust port 38 is connected to an exhaust 
manifold 43. 

Each of the valve elements 40, 41 may include a valve head 44 
from which a valve stem 46 extends. The valve head 44 includes a sealing 
surface 48 adapted to seal against a valve seat 50 about a perimeter 52 of the 
valve ports 36, 38. The valve elements 40, 41 further include a bridge 54 adapted 
to contact the valve stems 46 associated with each engine cylinder 22. A valve 
spring 56 imparts force between the top of each valve stem 46 and the head 30, 
thereby biasing the stem 46 away from the head 30 and thus biasing the valve 
heads 44 into sealing engagement with the corresponding valve seats 50 to close 
the intake and exhaust valves 32, 34. 

As shown best in FIG. 2, movement of the valve elements 40, 41 
are controlled not only by the springs 56, but by a cam assembly 58 as well. As 
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one of ordinary skill in the art will readily recognize, rotation of a cam 60 
periodically causes a push rod 62 to rise, thereby causing a rocker arm 64, 
contacted thereby, to rotate about a pivot 66. In so doing, an actuator arm 68 is 
caused to pivot downwardly and thereby open the valve elements 40, 41 . Under 
normal engine operation, the cam 60 imparts sufficient force to the valve stem 46 
to overcome the biasing force of the spring 56 and thereby push the valve head 44 
away from the valve seat 50, to open the valve. 

In certain modes of engine operation, such as with the Miller cycle 
operation to be discussed in further detail herein, the valve stems 46 can be 
alternatively pushed against the springs 56 to thereby open the exhaust valves 34. 
More specifically, a valve actuator 70 may be used to so open the exhaust valves 
34. As shown in FIGS. 3-5, one example of the valve actuator 70 includes an 
actuator cylinder 72 in which an actuator piston 74 is reciprocatingly disposed. 
The actuator piston 74 may include an opening 79, through whiclvarTactuafoTrod 
78 may extend in the direction of the valve stem 46 as well. 

The actuator cylinder 72 may also include a port 80 providing 
access to an actuation chamber 82. The port 80 is adapted to place the actuation 
chamber 82 into fluid communication with one of a low pressure fluid source 84 
or a high pressure fluid source 86. In one embodiment, the low pressure fluid 
source 84 may be a lubrication oil system of the engine 20 such as that provided 
to supply lubrication to various moving parts of the engine 20, and the high 
pressure fluid source 86 may be a high pressure oil rail, such as that provided to 
supply engine fuel injectors and the like of the engine 20. The low pressure fluid 
source 84 need not be a lube oil system, but may be any source of fluid on the 
order of, for example, sixty to ninety pounds per square inch (413.7 KPa to 620.5 
KPa), whereas the high pressure fluid source 86 may be any source of fluid on 
the order of, for example, fifteen hundred to five thousand pounds per square inch 
( 1 0.34 MPa to 34.4MPa). Other pressure ranges are certainly possible. 
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Placement of one of the low and high pressure sources 84, 86, 
respectively, into fluid communication with the actuation chamber 82 via a 
passage 85 is controlled by a control valve 88. As shown best in FIG. 1 1, as well 
as FIGS. 3-5, the control valve 88 may include first and second inlets 90, 92 and 
a single outlet 94. The control valve 88 may include a control valve plunger or 
spool 91 biased by a spring 93 into a position connecting the port 80 to the single 
outlet 94, the first inlet 90, and the low pressure oil source 84. The control valve 
88 may be actuated by a solenoid 95 having an armature 89 to connect the port 80 
to the, single outlet 94, the second inlet 97, and the high pressure oil source 86. 
The solenoid 95 may itself be actuated upon receipt of a control signal or the like 
from a main control or processor 96 of the engine 20. Both the low and high 
pressure sources 84, 86 may be in fluid communication with an oil drain 97, via a 
check valve or the like. In either event, the actuation chamber 82 is filled with 
pressurized fluid. With the low pressure fluid, the fluid fills the chamber 82 
sufficiently to move the actuator piston 74 so as to take up any lash 98 (FIG. 3) in 
the system such as that between the actuator rod 78 and the valve stem 46 or 
between the actuator rod 78 and the rocker arm 64. "Taking up any lash in the 
system" is defined herein as removing any space existing between components. 

In so doing, when Miller cycle operation is desired, the high 
pressure fluid source 86 can be placed into communication with the chamber 82 
and immediately move the actuator piston 74 and the valve stem 46, for example, 
of the exhaust valve 34, to an open position, thereby greatly reducing the volume 
of high pressure fluid required and increasing system responsiveness. More 
specifically, since the actuation chamber 82 is already filled with the low pressure 
fluid, and the lash 98 is removed from the system, placement of the high pressure 
source 86 into communication with the chamber 82 quickly actuates the valve 
stem 46 to open the exhaust valve 34 with little high pressure fluid being used. 

It is to be understood that that the teachings of the invention could 
include the use of an actuator, similar to or identical to the actuator 70, in 



conjunction with the intake valve 32 as well (see FIG. 1), in that the intake valve 
32 is the conventional valve to open during Miller cycle operation. However, by 
providing the actuator 70 proximate the exhaust valve 34, the same actuator 70 
can be used in combination with the exhaust valve 34 for other modes of 
operation including, but not limited to, exhaust gas recirculation and/or 
compression braking. 

In order to allow for proper Miller cycle operation, an external 
compression device 99 such as a turbocharger (which may, for example, be a 
variable geometry turbocharger, multiple stage compressor, or series turbocharger 
each controlled by the main processor 96), as well as a cooling device 100 such 
as an intercooler, may be provided in fluid communication with the engine 
cylinders 22. As indicated above, the turbocharger 99 force feeds highly 
pressurized air into the engine cylinder 22 to account for the losses encountered 
by having the intake valve 32 open for part of the compression stroke. "The 
intercooler 100 cools the air provided by the turbocharger 99 prior to introduction 
into the cylinder 22 to maximize intake air density. The results of the highly 
pressurized, cooled, intake charge air, coupled with the Miller cycle, provides for 
a significant reduction in combustion temperatures and reduced nitrous oxide 
(NOx) production, while maintaining engine power. 

Industrial Applicability 

In operation, the engine 20 can be used in a variety of 
applications. For example, the engine 20 may be provided on board a prime- 
mover, vehicle or the like, or any type of machine requiring the provision of 
mechanical or electrical energy. Such machines may include, but are not limited 
to, earth moving machines, backhoes, graders, rock crushers, pavers, skid-steer 
loaders, cranes, automobiles, trucks, and the like. 

Referring now to FIG. 6, in conjunction with FIGS. 2-5, the 
engine 20 can be operated so as to provide Miller cycle operation in the following 



# 

-10- 



manner. By way of background, one of ordinary skill in the art will understand 
that a typical four-stoke, diesel cycle, internal combustion engine operates 
through four distinct strokes the engine piston 24 through the engine cylinder 22. 

In a first or intake stroke, the engine piston 24 descends through 
the engine cylinder 22 away from the cylinder head 30, while the intake valve 32 
is open, as indicated in steps 101 and 102, respectively. In so doing, highly 
compressed and cooled air can then be injected into the engine cylinder 22, as 
indicated in a step 103 from the turbocharger 99 and the intercooler 100. The 
intake valve 32 then closes as indicated by a step 104. Valve timing for such a 
typical diesel engine is depicted in the graph at FIG. 7. 

While a typical four-stroke diesel engine would then proceed to a 
normal compression stroke, an engine constructed in accordance with the present 
disclosure to provide Miller cycle benefits does not; it modifies the compression 
stroke as indicated below. Accordingly, a next step may be to deterrnine~if Miller" 
cycle benefits are desired (see step 106). If the answer is affirmative, the duration 
of the event is determined in a step 107, i. e., how long should exhaust valve 34 
be held open, and the exhaust valve 34 is opened using the valve actuator 70 as 
indicated by a step 108. The engine piston 24 then ascends through the engine 
cylinder 22 as indicated by a step 1 10. While the engine piston 24 is ascending, 
the air within the cylinder is not being significantly compressed in that the 
exhaust valve 34 is open. Among other benefits, such operation reduces the 
effective compression ratio of the engine 20. 

After a predetermined stroke length (e.g., ninety degrees of a 
seven hundred and twenty degree four-stroke cycle), the exhaust valve 34 is 
closed as indicated by a step 1 12. This may be accomplished as by switching the 
control valve 88 so as to disconnect the high pressure source 86 from the actuator 
70, and thereby allowing the spring 56 to close the valve 34. Such valve timing 
is depicted in the graph of FIG. 8, wherein the exhaust valve is shown to be 
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opened not only during the exhaust stroke but during the initial stages of the 
compression stroke. 

The remainder of the cycle is the same as any other diesel cycle 
engine. More specifically, the engine piston 24 ascends with the air within the 
engine cylinder 22 being compressed by the engine piston 24 to complete a 
second or compression stroke of the engine 20, as indicated in a steps 114, 116. 
Fuel is then directly injected into the compressed air and thereby ignited (step 
1 18). The resulting explosion and expanding gases push the engine piston 24 
again in a descending direction (as indicated by a step 120) through the engine 
cylinder 22. During this third or combustion stroke, the intake and exhaust 
valves 32, 34 remain closed. 

In a fourth or exhaust stroke, the engine piston 24 again reverses 
and _asceiids through the engine cylinder 22, but with the exhaust valve 34 open, 
thereby pushing the combustion gases out of the engine cylinder 22. Such steps 
are indicated in FIG. 6 as steps 122 and 124, respectively. The exhaust valve 34 
is then closed as indicated in a step 126, and the cycle repeats. The opening and 
closing of the exhaust valve 34 during the exhaust stroke may be accomplishing 
using the cam 60, as opposed to the actuator 70. 

Referring again to the step 106, if Miller cycle operation is not 
desired, the engine 20 functions simply as a normal diesel cycle engine. More 
specifically, after the intake stroke and closure of the intake valve 32, the engine 
piston 24 ascends through the engine cylinder 22, as indicated by a step 128. The 
air within the engine cylinder 22 is accordingly compressed as indicated by the 
step 1 1 6. 

FIG. 9 depicts, in graphical form, valve timing if Miller cycle 
benefits are to be achieved using the intake valve 32 instead of the exhaust valve 
34. As can be seen, the intake valve 32 is held open or delayed in closing, in the 
depicted embodiment, for about half of the compression stroke, thereby reducing 
the compression ratio of the engine 20. The process by which such an engine 20 
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could function is depicted in flowchart format in FIG. 10. As shown therein, a 
first step is for the engine piston 24 to descend through the engine cylinder 22, as 
indicated by step 1 30. The intake valve 32 is then opened using the mechanically 
driven actuator or cam assembly 58 as indicated in step 132. In so doing, the 
turbocharger 99 is thereby able to inject cooled, turbocharged air as indicated in 
step 134. Continued rotation of the cam assembly 58 allows the spring 56 to 
partially close the intake valve 32 as indicated in a step 136. However, prior to 
the intake valve 32 fully closing, Miller cycle benefits can be obtained by 
extending the closing of the intake valve 32. As shown in FIG. 10, a next step 
may therefore be to inquire whether Miller cycle is desired as indicated in step 
138. If the inquiry is answered in the affirmative, a next step may be to the 
desired duration of the Miller cycle event as indicated in step 140. Once this 
duration is determined, the intake valve 32 can be held open using the fluidically 
driven actuator or valve actuator 70 as indicated above. This is indicatedby step 
142 in FIG. 10. Thereafter, the piston 24 continues to ascend as indicated in step 
144, and after the duration determined in step 138, the intake valve 32 is 
completely closed as indicated in step 146. More specifically, the high pressure 
fluid can be disconnected from the actuator 70 thereby allowing the spring 56 to 
fully close the intake valve 32. 

After the intake valve 32 is closed, or if the Miller cycle is not 
desired at all, as indicated in FIG. 10, the remainder of the engine cycle is the 
same. More specifically, the intake valve 32 is allowed to completely close 
following the came profile, the engine piston 24 ascends as indicated in step 148, 
the air is compressed as indicated in step 150, fuel is injected into the compressed 
air and thereby ignited as indicated in step 152, the engine piston 24 accordingly 
descends as indicated in step 154, the exhaust valve 34 is opened using the 
mechanically driven actuator 58 (step 156), the engine piston 24 ascends (step 
158), and the exhaust valve 34 is then closed as indicated in step 160. 



-13- 



One of ordinary skill in the art will understand that significant 
force is required to open the exhaust valve 34 and hold the exhaust valve 34 
(and/or intake valve 32) open during the compression stroke due to the ascending 
engine piston 24 and any inertia and spring 56 loads from the valve mechanism. 
The actuator 70, when in fluid communication with the high pressure source 86 is 
able to generate sufficient force against the actuator piston 74 to hold the valve 
open. Moreover, by directing high pressure fluid to the actuator 70 only when 
Miller cycle operation is desired, significant efficiencies in engine operation are 
achieved in that the engine 20 need not continually compress large amounts of 
fluid to the high pressures needed by the high pressure source 86. An additional 
benefit is afforded by positioning the actuator 70 proximate the exhaust valve 34. 
Whereas traditional Miller cycle operation opens the intake valve 32 during the 
compression stoke, the teachings of the present invention allow for the exhaust 
valve 34 to be opened during the compression stroke. By providing the actuator 
70 proximate the exhaust valve 34, the engine 20 is equipped to operate under 
other modes of operation as well including, but not limited to, exhaust gas 
recirculation, using a single actuator 70 for each engine cylinder 22. 

Other aspects and features of the present disclosure can be 
obtained from a study of the drawings, the disclosure, and the appended claims. 



